Background: Loss of phospholamban (PLB) C-terminal residues causes cardiomyopathy in humans. Results: Deletion or mutation of C-terminal residues significantly altered PLB structure and the structure of the PLB-SERCA regulatory complex. Conclusion: PLB C-terminal residues determine the localization of the N terminus of PLB on SERCA. Significance: PLB C terminus is an important structural determinant that affects localization of PLB N terminus at a remote location on SERCA.
To determine the structural and regulatory role of the C-terminal residues of phospholamban (PLB) in the membranes of living cells, we fused fluorescent protein tags to PLB and sarco/ endoplasmic reticulum calcium ATPase (SERCA). Alanine substitution of PLB C-terminal residues significantly altered fluorescence resonance energy transfer (FRET) from PLB to PLB and SERCA to PLB, suggesting a change in quaternary conformation of PLB pentamer and SERCA-PLB regulatory complex. Val to Ala substitution at position 49 (V49A) had particularly large effects on PLB pentamer structure and PLB-SERCA regulatory complex conformation, increasing and decreasing probe separation distance, respectively. We also quantified a decrease in oligomerization affinity, an increase in binding affinity of V49A-PLB for SERCA, and a gain of inhibitory function as quantified by calcium-dependent ATPase activity. Notably, deletion of only a few C-terminal residues resulted in significant loss of PLB membrane anchoring and mislocalization to the cytoplasm and nucleus. C-terminal truncations also resulted in progressive loss of PLB-PLB FRET due to a decrease in the apparent affinity of PLB oligomerization. We quantified a similar decrease in the binding affinity of truncated PLB for SERCA and loss of inhibitory potency. However, despite decreased SERCA-PLB binding, intermolecular FRET for Val 49 -stop (V49X) truncation mutant was paradoxically increased as a result of an 11.3-Å decrease in the distance between donor and acceptor fluorophores. We conclude that PLB C-terminal residues are critical for localization, oligomerization, and regulatory function. In particular, the PLB C terminus is an important determinant of the quaternary structure of the SERCA regulatory complex.
Heart failure is a leading cause of mortality, affecting an estimated 26 million people worldwide and up to 6 million people in the United States (1) . Dilated cardiomyopathy and hypertrophic cardiomyopathy are the primary causes of heart failure (2, 3) and are often associated with mutations in genes encoding cardiac calcium (Ca 2ϩ )-handling proteins including phospholamban (PLB) 5 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . PLB is a homopentameric, integral sarcoplasmic reticulum membrane protein that upon deoligomerization into active monomers reversibly inhibits sarco/ endoplasmic reticulum calcium ATPase (SERCA) (13) (14) (15) , thereby directly regulating cardiac Ca 2ϩ kinetics and contractility (16 -21) . PLB has a "helix-loop-helix" tertiary structure consisting of the N-terminal cytosolic domain IA (residues 1-16), flexible linker (residues [17] [18] [19] [20] [21] [22] , domain IB (residues [23] [24] [25] [26] [27] [28] [29] [30] , and C-terminal transmembrane (TM) domain II (residues 31-52) (22, 23) . The C-terminal TM domain is highly conserved among species (13) and may be important for PLB oligomerization (24, 25) and SERCA regulation (26) . A naturally occurring missense mutation in PLB caused by substitution of a stop codon for Leu 39 (L39X) results in loss of PLB protein in humans, resulting in dysregulation of sarcoplasmic reticulum Ca 2ϩ cycling, dilated cardiomyopathy, hypertrophic cardiomyopathy, heart failure, and premature death (5) (6) (7) . We have shown previously that truncating the C terminus of PLB midway through its TM domain by L39X mutation greatly reduced PLB oligomerization and SERCA binding (27) . In the present study, we investigated the role of C-terminal residues of PLB in membrane anchoring, localization, PLB oligomerization, and SERCA regulation. The results provide insight into the structural and functional consequences of mutating or truncating the TM domain and reveal an unexpected role for PLB C-terminal residues in determining the quaternary conformation of the PLB-SERCA regulatory complex.
EXPERIMENTAL PROCEDURES
Molecular Biology and Cell Culture-A series of truncation mutants of PLB were constructed by introducing stop codons at residues 52, 51, 50, 49, 48, 39, 38, or 33 ( Fig. 1) . Individual or multiple alanine (Ala) substitution mutants were generated by replacing the residues 52, 51, 50, and/or 49 by Ala. mCerulean (Cer) or enhanced yellow fluorescent protein (YFP) was fused to the N terminus of canine PLB or canine SERCA2a as described previously (15, 27, 28) . Deletion or Ala substitution mutants of PLB were generated using the QuikChange IIXL site-directed mutagenesis kit (Stratagene, La Jolla, CA) and custom oligonucleotide primers (Eurofins MWG Operon). The nucleotide sequences of all the constructs were verified by DNA sequencing (ACGT, Inc.). AAV-293 cells were cultured in complete DMEM growth medium with 10% fetal bovine serum, 1% L-glutamine and incubated at 37°C under 5% CO 2 . Transient transfection of cultured AAV-293 cells was performed using the MBS mammalian transfection kit (Stratagene, La Jolla, CA). Cells were co-transfected with plasmids encoding Cer-PLB and YFP-PLB or Cer-SERCA and YFP-PLB with a molar ratio of 1:5 or 1:20, respectively (15, 27, 28) . Following transfection, the cells were subjected to mild trypsinization, plated on poly-Dlysine-coated glass bottom dishes, and allowed to adhere for 2 h before imaging as described previously (29) .
Quantification of PLB/SERCA Function-SERCA and PLB were co-reconstituted as described previously (30) . SERCA1a was purified from rabbit skeletal muscle sarcoplasmic reticulum using affinity chromatography (31, 32) , and recombinant PLB was purified from Escherichia coli using a two-step method (30) . The purified proteoliposomes yielded a final molar ratio of 1:4.5:120 SERCA:PLB:lipids. The SERCA and PLB concentrations were determined by quantitative SDS-PAGE, and lipid concentration was determined by phosphate assay (33, 34) . Ca 2ϩ -dependent ATPase activities of SERCA co-reconstituted with PLB were determined using a coupled enzyme assay as described previously (35) . All co-reconstituted PLB Ala and truncation mutants were compared with a negative control (SERCA alone) and a positive control (SERCA with wild-type PLB). A minimum of three independent reconstitutions and activity assays were performed for each mutant, and the ATPase activity was measured over a range of Ca 2ϩ concentrations (0.1-10 M). The Ca 2ϩ concentration at half-maximal activity (K Ca ) and the maximal activity (V max ) were calculated based on non-linear least square fitting of the activity data to the Hill equation using Sigma Plot (SPSS Inc., Chicago, IL).
Fluorescence Resonance Energy Transfer (FRET) Quantification-
PLB oligomerization and interaction with SERCA were quantified by acceptor sensitization FRET (E-FRET) (36) as described previously (28, 29) . MetaMorph software was used to acquire a montage of 48 images using a motorized stage (Prior, Rockland, MA). Focus was automatically maintained by an optical feedback system (Perfect Focus System, Nikon), and images were acquired using a 40ϫ objective having a numerical aperture of 0.75. The cells were automatically selected based on criteria including diameter between 40 and 100 m, minimum fluorescent area of 50 m 2 , and average intensity of 100 counts above background. The average intensities of each channel, Cer, YFP, and FRET (Cer excitation/YFP emission), were then transferred to a spreadsheet for quantification of FRET efficiency. After subtracting the background, FRET efficiency was calculated according to the following formula:
where I DD is the intensity of fluorescence emission from the donor channel (472/30 nm) with excitation of 427/10 nm, I AA is the intensity of fluorescence emission from the acceptor channel (542/27 nm) with excitation of 504/12 nm, and I DA is the intensity of fluorescence emission detected in the FRET channel (542/27 nm) with excitation of 427/10 nm. The constants a and d are cross-talk coefficients determined from acceptor-only or donor-only control samples, respectively: a ϭ I DA /I AA , and d ϭ I DA /I DD . We obtained values of 0.083 and 0.69 for a and d, respectively. G represents the ratio of the sensitized emission to the corresponding amount of donor recovery, which was determined to be 4.3. Automated quantification of fluorescence intensity was done using the Multi Wavelength Cell Scoring application module in MetaMorph (29) .
"In-cell" Binding Assay-An in-cell binding assay was performed to estimate the parameters related to structure and binding affinity as described previously (9, (27) (28) (29) 37) . Briefly, the FRET efficiency of individual cells coexpressing Cer-PLB/ YFP-PLB or Cer-SERCA/YFP-PLB was plotted against relative protein concentration quantified from the observed YFP fluorescence intensities. The concentration dependence of FRET was fit to a hyperbolic curve of the form y ϭ (FRET max )x/(K D ϩ x) with all parameters independently fit where y is the observed FRET efficiency and x is the protein concentration in the cell in arbitrary units. FRET max is the intrinsic FRET of the protein complex and a measure of average distances between the binding partners, providing structural information. K D is the protein concentration that yields half-FRET max and represents the dissociation constant of the protein complex, providing an estimate of the apparent binding affinity. K D 1 is the apparent dissociation constant of the PLB-PLB oligomer, and K D 2 is the apparent dissociation constant of the PLB-SERCA regulatory complex. Each binding curve was developed by using an average of ϳ2000 cells. Probe separation distance, the distance between donor and acceptor fluorophores (R), for the SERCA-PLB regulatory complex was calculated using the Förster equation (38) 
1/6 where R 0 is the Förster radius and E is the measured FRET max . Intrapentameric probe separation distance was calculated from FRET max using the MatLab application assuming an oligomer subunit number of 5 (pentamer) as described previously (27) . The average acceptor molar fraction was calculated to be 0.92 Ϯ 0.01 for WT-PLB, 0.89 Ϯ 0.02 for the alanine substitution mutants, and 0.88 Ϯ 0.01 for the truncation mutants. For estimation of probe separation distances for both the pentamer and regulatory complex, the Förster radius of 49.8 Å was used for the Cer-YFP pair (39) , and 4% nonspecific FRET was subtracted from the measured FRET max values. Previously we estimated nonspecific FRET to be 4% as determined from competition with unlabeled PLB or with a fluorescently tagged PLB that is unable to participate in FRET (9, 27) .
Fluorescence Microscopy-To quantify the membrane localization of PLB, cells were cotransfected with Cer-SERCA and YFP-PLB truncation mutants at a 1:1 ratio and subjected to confocal imaging using an inverted Leica TCS SP5 confocal microscope with a 63ϫ water immersion objective. Cer and YFP were sequentially excited at 458 and 514 nm, respectively. The membrane partitioning of YFP-PLB truncation mutants was evaluated by comparison with Cer-SERCA. The apparent membrane partition coefficient for PLB and all the truncation mutants of PLB was quantified as the ratio of YFP fluorescence intensity in the endoplasmic reticulum (ER) region (perinuclear) to nuclear fluorescence intensity. Solubilization of PLB was also quantified using wide field fluorescence microscopy to measure the loss of fluorescence from cells permeabilized with 100 g/ml saponin. Cell-impermeant nuclear stain propidium iodide was used to verify permeabilization. Cells expressing Cer-SERCA and YFP-PLB truncation mutants were preincubated with 2 g/ml propidium iodide and imaged for Cer, YFP, and propidium iodide fluorescence during the course of saponin permeabilization.
Computational Modeling-Molecular dynamics simulation studies of PLB embedded in a lipid bilayer were performed for full-length PLB wild-type (WT) pentamer and heart failure mutant L39X. The NMR structure of the wild-type PLB pentamer was obtained from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (40) (Protein Data Bank code 2KYV (23)). Molecular dynamics simulations were performed with GROMACS (42, 43) using the CHARMM all-atom parameter set 27 (44, 45) . The pentamer was energy-minimized in vacuum to eliminate unfavorable interactions and placed into a palmitoyloleoylphosphatidylcholine lipid bilayer. Lipids overlapping with the pentamer were removed, and periodic boundary conditions were applied. The particle mesh Ewald method was used to calculate the electrostatic interactions (46, 47) . van der Waals interactions were reduced to zero by switch truncation applied from 10 to 12 Å. The molecular dynamics simulation was carried out with an integration time step of 2 fs. To reach the target temperature (300 K) and pressure (1 bar), the Berendsen method was used with relaxation times of 0.1 ps (48). After 1-ns equilibration, the production run was performed in the NPT ensemble using the Nose-Hoover thermostat (49, 50) and the Parrinello-Rahman barostat (51, 52) with relaxation times of 1.0 ps. The coordinates of the trajectory were saved every 1 ps. The production run was carried out for 100 ns.
Statistical Analysis-All experiments were independently repeated three or four times for each sample. Errors are reported as standard error, and statistical significance was evaluated using Student's t test where p Ͻ 0.05 was considered significant. The comparison of K Ca and V max was carried out using one-way analysis of variance (between subjects) followed by the Holm-Sidak test for pairwise comparisons. little change in inhibitory potency for the L52A or M50A mutants and gain of function for the L51A and V49A mutants (53) . This gain-of-function effect of the individual Ala substitutions is visible in Fig. 2 as an increase in K Ca for L51A and V49A compared with WT-PLB. Multiple Ala mutations in this C-terminal region also maintained PLB inhibitory function with a gain-of-function effect for Ala substitution of all 4 residues 49 -52. Interestingly, there appeared to be a nexus for gain of function at Val 49 for both individual and multiple alanine substitutions. In contrast, deletion of these same residues, which shortens the PLB TM helix, resulted in a loss of function. Deletion of only 1 C-terminal residue, Leu 52 , yielded 50% of the inhibitory potency of wild-type PLB, and further deletions caused complete loss of PLB function. Deletion of the last 2-3 residues decreased PLB inhibitory potency such that the observed K Ca values were not significantly different from SERCA alone (Fig. 2 and Table 1 ). The data indicate that the C-terminal residues of PLB are important determinants for SERCA inhibition and that even small deletions have a particularly deleterious effect.
RESULTS

Functional Role of C-terminal Residues in Regulation of
Ala Substitution Mutations of PLB C-terminal Residues Alter PLB Pentamer Structure and Oligomerization Affinity-To
investigate the role of the C-terminal residues in determining the structure and affinity of the PLB pentamer, we quantified intraoligomeric FRET for mixed pentamers of Cer-and YFP-PLB. Replacement of C-terminal residues with a single Ala substitution generally decreased average FRET efficiency compared with WT ( Fig. 3A and Table 2 ). To determine the relative contributions of pentamer structure change or a change in the degree of PLB oligomerization to the observed changes in average FRET, we performed an in-cell binding assay in which FRET is quantified from a heterogeneous population of transfected cells expressing a wide range of concentrations of PLB. Fig. 3B shows that cells expressing high concentrations of PLB exhibited higher FRET than cells with a low expression level. FRET increased with [protein] to a maximum level (FRET max ), and this relationship was well described by a hyperbolic fit. FRET max was modestly increased for L52A, the last residue of the helical TM domain of PLB (Fig. 3C, red) . L51A also showed a small increase in FRET max (Fig. 3C, blue) , but this value must be viewed with caution as the FRET versus [protein] relationship never achieved maximal FRET for this mutant (Fig. 3B) . A failure to saturate is often observed for highly monomeric mutants of PLB as a result of increased nonspecific FRET between noninteracting monomers. Thus, the fitted value of FRET max is compromised by this nonspecific FRET contribution. Consistent with this non-saturating FRET relationship, we observed a right shift of the L51A FRET versus [protein] binding curve (Fig.  3B) , suggesting a decreased oligomerization affinity. K D 1 was significantly increased for all Ala mutants, indicating a decreased oligomerization affinity. We observed a Ͼ1.5-fold increase in K D 1 for L52A and a Ͼ4-fold increase in K D 1 for L51A compared with WT ( Fig. 3D ) as quantified from a hyperbolic fit of the data in Fig. 3B . Next, moving up the TM helix, we investigated the effect of an M50A substitution. This mutant showed no change in pentamer structure (Fig. 3C ) but a 1.5-fold increase in K D 1 (Fig. 3D) as seen from the right-shifted binding curve of M50A (Fig. 3B , pink) relative to WT (Fig.  3B , black) without a change in maximal FRET. The data suggest that the mutant destabilizes oligomerization without altering the structure of the pentamer. Finally V49A showed a very large decrease in FRET max (Fig. 3C ) consistent with an increase in the average separation of N-terminal fluorescent tags of 3 Å and a 40% increase in the affinity of oligomerization for this mutant (Fig. 3D) . The results are summarized in Table 2 . The data demonstrate that the position of the fluorescent protein, fused to the N terminus (on the cytoplasmic side of the bilayer), is altered by substitution of Leu or Val with Ala at remote sites in the C terminus (on the luminal side of the bilayer).
Mutation of PLB C-terminal Residues Alters Regulatory Complex Quaternary Structure and PLB-SERCA Binding Affinity-
To determine how N-terminal residues affect the structure and affinity of the PLB-SERCA regulatory complex, we measured FRET from the N-terminal Cer tag on SERCA2a to YFP-PLB. Fig. 4A shows that average FRET was increased by L51A and V49A mutants. In-cell binding assays revealed the relative changes in binding affinity and structure for these mutants (Fig.  4B) . As observed in the oligomerization binding assay (Fig. 3B) , L51A showed poor saturation (Fig. 4B ) consistent with nonspecific FRET from an increased population of monomers (increased K D 1; Fig. 3D ). Thus, the FRET max value for this mutant is not a clear representation of regulatory complex structure. The other mutant with a significant change in SERCA binding was V49A, which showed a 23% increase in FRET max , suggesting a very compact regulatory complex conformation, and a 73% decrease in K D 2 (Fig. 4D) , indicating an increase in the apparent affinity for SERCA. The observed increase in SERCA binding is in harmony with previous reports that suggest increased inhibitory potency for this mutant (54, 55) .
C-terminal Residues Are Critical for PLB Membrane Localization-We previously observed solubilization of PLB by the human heart failure missense mutation L39X (27) , and we anticipated that smaller C-terminal deletions of the PLB TM domain could likewise disrupt anchoring of the protein in the membrane. To verify this, the relative partitioning of PLB in the aqueous cytoplasm and the ER bilayer was assessed with confocal microscopy. Although single Ala substitutions did not significantly alter the localization of PLB expressed in AAV-293 cells (not shown), we observed a significant degree of mislocalization of PLB with C-terminal truncations as shown in Fig. 5 . An overlay of images revealed co-localization of Cer-SERCA (Fig. 5A, cyan) and YFP-WT-PLB truncation mutants (Fig. 5A,  yellow) . Successive truncations caused mislocalization of PLB to the cytoplasm and nucleus (Fig. 5A) as quantified from the apparent membrane partition coefficient (ratio of ER (perinuclear) fluorescence to nuclear fluorescence)) (Fig. 5B) . Interestingly, deleting only 1 C-terminal residue of PLB of the 22 TM domain residues resulted in a significant loss of ER membrane localization, which was nearly abolished by deletion of more than 4 residues. Cer-SERCA localization was not changed (Fig.  5A) . To determine whether the observed mislocalization was due to solubilization of PLB, we selectively permeabilized the plasma membrane of cells using saponin (27) . Cer-SERCA ER localization was not changed during the course of saponin permeabilization, but truncated YFP-PLB L39X rapidly diffused SEPTEMBER 12, 2014 • VOLUME 289 • NUMBER 37
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out of the cell into the surrounding medium ( Fig. 5C and supplemental Video 1). As expected, the degree of PLB solubilization depended upon the severity of the PLB truncation. Longer PLB constructs left residual fluorescence in cells after permeabilization (Fig. 5D ). The apparent membrane localization of PLB mutants was quantified by dividing the ER fluorescence (membrane-bound PLB) by the total fluorescence (nuclear ϩ ER) or by dividing the residual PLB fluorescence after saponin permeabilization by total PLB fluorescence before permeabilization. Partition equilibrium constants estimated by the localization and permeabilization methods were referred to as K L and K P , respectively. Truncations of PLB C terminus decreased both K L and K P (Fig. 5E ). The alternative methods were in good agreement with a linear relationship between K L and K P (Fig.  5F ), although K L exhibited a non-zero offset due to the contribution of non-membrane-bound PLB to the ER fluorescence signal. The data are summarized in Table 3 . Molecular Dynamics of PLB Pentamer Structure-To investigate the role of C-terminal residues in PLB structure and membrane anchoring, we performed all-atom molecular dynamics simulations and quantified changes in root mean square deviation, van der Waals and electrostatic interactions, and hydrogen bonding. The root mean square deviation of C␣ atoms of the heart failure truncation mutant L39X (Fig. 6A, colored traces) was markedly increased compared with WT, which consistently showed a stable structure with little deviation from the NMR solution (Fig. 6A, black  traces) . We observed no statistically significant difference in the coulombic interactions but found that L39X lacks van der Waals interactions needed for stabilizing the PLB oligomer (Fig. 6B) . Because most of the residues in TM helices are hydrophobic, hydrogen bonding between PLB monomers is not a significant contributor to pentamer stability. Consistent with expectation, the TM domain of the WT protein was retained in the bilayer, but the L39X mutant TM domain translocated out of the bilayer within a few nanoseconds and was fully solubilized by the end of the simulation (Fig. 6C and supplemental Video 2) .
C-terminalResiduesAreAlsoImportantforPLBOligomerizationDeletion of any of the PLB C-terminal residues greatly decreased PLB-PLB binding in live cells as quantified by FRET between Cer and YFP fused to PLB N termini. Fig. 7A shows that PLB average intrapentameric FRET efficiency was progressively decreased upon truncating the C-terminal residues of PLB. Truncation of 4 C-terminal residues of the 22-amino acid TM domain of PLB (V49X) resulted in a 44% decrease in the average FRET efficiency (Fig. 7A) . FRET was largely abolished by truncation of more than 4 residues. Thus, the FRET data underscore the importance of Val 49 in determining PLB structure/function. In particular, we used the in-cell binding assay to quantify the relative contributions of altered binding and pentamer conformational change to the observed FRET change. Truncating the C-terminal residues of PLB resulted in a progressive decrease in PLB intrapentameric FRET efficiency as shown in Fig. 7B . FRET max was unchanged for L52X, L51X, M50X, or V49X compared with WT, indicating that PLB quaternary structure was not significantly affected upon truncating up to 4 C-terminal residues (Fig. 7C and Table 2 ). This is in contrast with Ala substitution mutants, several of which profoundly affected PLB oligomer structure (Fig. 3C and Table 2 ). Truncating more than 4 residues of the 22-amino acid-long TM domain significantly decreased FRET max . We attribute this to loss of membrane anchoring rather than a change in pentamer structure. C-terminal truncations also progressively increased the pentamer dissociation constant K D 1, indicating a decrease in the affinity of PLB oligomerization (Fig.  7D) . Truncating only 1 C-terminal residue resulted in a 2-fold increase in K D 1 compared with WT, and binding affinity worsened with each additional residue that was deleted. We quantified a 12-fold increase in K D 1 for V49X compared with WT, indicating a decrease in oligomerization affinity. The affinity for the shortest truncation mutants was too low to measure. The data are summarized in Table 2 . PLB-PLB binding was reduced by loss of C-terminal residues, and this loss of binding paralleled the loss of bilayer anchoring. As predicted, colocalization of PLB protomers in the membrane was prerequisite to oligomerization.
PLB C-terminal Residues Are Critical for Regulatory Complex Structure and Function-To determine how the C-terminal truncation of PLB affects its interaction with SERCA, we quantified FRET from Cer-SERCA to YFP-tagged truncation mutants of PLB. Surprisingly, truncation of up to 4 C-terminal residues (of 22 residues in the TM domain) significantly increased SERCA-PLB FRET efficiency (Fig. 8, A and B) . This was not due to increased binding of PLB to SERCA because K D 2 predictably increased with deletion of C-terminal residues (decreased binding affinity) (Fig. 8D) . Truncating only 1 residue resulted in a nearly 2-fold increase in K D 2, truncating 4 residues (V49X) caused an ϳ2.5-fold increase in K D 2, and removing more than 4 residues resulted in a binding affinity that was too low to measure (Fig. 8D ). It appears that, despite the decrease in binding of truncated PLB for SERCA, the average FRET is still increased because the remaining regulatory complexes have a higher intrinsic FRET efficiency (FRET max ). Deleting only 1 C-terminal residue of PLB resulted in a 1.2-fold increase in FRET max , and truncating 4 C-terminal residues (V49X) resulted in a greater than 2-fold increase in FRET max (Fig. 8C ) consistent with an increase in the average separation of N-terminal fluorescent tags of 11.3 Å. The data suggest that that C-terminal truncations alter the structure of PLB-SERCA regulatory complex ( Table 2 ). The structural effect of C-terminal deletions mimics the regulatory complex conformational change due to V49A (Fig. 4C) , which also decreased the separation of fluorescent protein tags positioned at least 40 Å away on the other side of the bilayer. 
DISCUSSION
Alanine substitution has been a common mutagenesis strategy for understanding how residues of PLB influence the functional regulation of SERCA (26, 53, 56) . This method effectively removes the side chain of individual residues, thereby providing information on their role in SERCA inhibition by PLB. Two of the most common human mutations in PLB linked to heart failure involve a single residue deletion (Arg 14 deletion) (10 -12) and a multiple residue truncation (Leu 39 -stop) (5-7). Because a large portion of the C terminus of PLB is missing in this latter truncation variant, we wished to understand the comparative effects of mutations and truncations in this region. Because of the dramatic effects we observed on PLB function, only the last 4 residues were considered (Val 49 -Met-LeuLeu 52 ). In measurements of SERCA ATPase activity in the absence and presence of PLB, individual or multiple Ala substitutions revealed a nexus for gain of function at Val 49 of PLB ( Fig.  2A) . The gain of function was an unexpected outcome, and it contrasted sharply with the deleterious effects of truncating these last few residues. Removal of just 1 residue severely reduced PLB function, and removal of 2 or more residues completely eliminated PLB function. Given the extreme sensitivity of PLB to truncation, we wished to understand the impact on PLB oligomerization and the regulatory interaction with SERCA.
The present observations are summarized in the schematic model in Fig. 9 with reversible equilibria indicated by black arrows and effects of mutations highlighted with red arrows. Indeed, deletion and substitution mutations had distinct effects on PLB oligomerization. Although deletions decreased PLB-PLB binding (Fig. 9B, i) without altering the pentamer structure, alanine substitutions increased or decreased PLB pentamer FRET max consistent with a structural change (Fig. 9A, i) that alters the distance between FRET pairs. The structural details of this putative change in pentamer quaternary conformation are not clear. One possibility is that C-terminal substitutions alter PLB topology or perturb the structural equilibrium of PLB between "tense" and "relaxed" states (57, 58) . It is noteworthy that the relatively conservative substitution of Val 49 to Ala exerts an effect over such a long distance, altering the position of fluorescent probes that are more than 40 Å away (Fig. 1) .
Although determining the true quantitative affinity of monomeric PLB for the pump is complicated by oligomerization (27) and differential protein localization, it is clear that substitution and deletion mutations exert opposite effects on the apparent affinity of PLB for SERCA. V49A in particular shows a significant increase in SERCA binding (Fig. 9A, ii) , whereas deletions of residues progressively decreases regulatory complex formation (Fig. 9B, ii) . Both deletions and substitutions of C-terminal residues caused large changes in the regulatory complex structure (Fig. 9, A and B, iii) . Deleting only 1 C-terminal residue of PLB resulted in a 1.2-fold increase in FRET max , which corresponds to a distance change from 61.9 to 58.9 Å (Table 2) . Truncating 4 C-terminal residues (V49X) increased FRET max by more than 2-fold, which corresponds to an 11.3 Å decrease in the distance between donor and acceptor fluorophores (Table 2) . Similarly, some Ala substitutions increased regulatory complex intrinsic FRET with V49A showing a 23% increase in FRET max , corresponding to a decrease in the donor-acceptor distance of 3.3 Å. The magnitude of these changes in FRET distance may be appreciated by considering that functionally significant phosphomimetic mutations altered probe separation distance by only 4 Å (37). One possible explanation for the observed structure change is that substitutions and deletions may cause misregistration of PLB in the inhibitory cleft (Fig. 9,  A and B, iii) . Translocation of the TM domain could permit cytoplasmic domain repositioning, accounting for the observed increase in FRET from a donor fluorophore on the SERCA N terminus. Val 49 appears to be particularly important in setting the registration of the TM helix in the bilayer, affecting the disposition of the adjacent TM domain and the more distant PLB cytoplasmic domain positioned on the other side of the bilayer more than 40 Å away.
C-terminal residues are also important for membrane anchoring of PLB. Although substitutions appeared to be benign for localization, we observed that C-terminal deletions decreased PLB membrane anchoring (Fig. 9B, iv) , releasing a fraction of the PLB into the cytoplasm where it can no longer participate in regulatory interactions. Previously, the C-terminal region of PLB region has been shown to be important for subcellular trafficking as increasing the length of the TM domain of PLB by adding 4 extra leucine residues to the C terminus resulted in mistargeting to the plasma membrane (59) . Similarly, the C-terminal RSYQY sequence of the related SERCA regulator sarcolipin was shown to mediate its retention in the ER (60) . The present results demonstrate an additional role for the PLB C terminus in protein localization. Despite the presence of many other hydrophobic residues in the PLB TM domain, luminal residues nearest the PLB C terminus are critical for membrane anchoring and structure determination of both the PLB pentamer and the PLB-SERCA regulatory complex. It is noteworthy that small deletions are so poorly tolerated. Loss of only 1 C-terminal residue from the 22-amino acid TM domain of PLB resulted in significant disruption of localization and consequently PLB regulatory interactions. Although SERCA coexpression has been shown to improve localization of sarcolipin truncation mutants (60) , PLB localization was not improved by coexpression of SERCA in the present work or in previous studies (59, 61). Proposed model for the effect of PLB C-terminal substitution and deletion mutations on membrane localization, oligomerization, and interaction with SERCA. The WT PLB protomers and SERCA are shown in gray, and the alanine substitution (V49A) or the deletion mutant (V49X) PLB protomers are highlighted in red. The reversible equilibria are indicated by black arrows, and effects of mutations are highlighted with red arrows. A, we propose that C-terminal alanine substitution mutations of PLB result in altered pentamer structure and decreased oligomerization affinity (i), increased SERCA-PLB binding affinity (ii), and altered quaternary conformation of the SERCA-PLB regulatory complex (iii). B, in addition, C-terminal deletions of PLB result in decreased oligomerization affinity (i), decreased SERCA-PLB binding affinity (ii), altered quaternary conformation of the SERCA-PLB regulatory complex (iii), and decreased membrane anchoring (iv).
The most striking difference between the substitution and deletion mutants is the disparate effects on PLB inhibitory function. The loss-of-function character of the deletion mutants may be due in part to decreased membrane anchoring (Fig. 9B, iv) and decreased SERCA binding (Fig. 9B, ii) . Alternatively, the putative misregistration of the PLB TM domain in the SERCA regulatory cleft may result in a noninhibitory interaction. We and others have previously provided evidence that PLB and SERCA can interact in a noninhibitory complex in the presence of Ca 2ϩ (29, 62, 63) or after PLB phosphorylation (64) . This physiological relief of inhibition also alters the affinity and structure of the PLB-SERCA complex (29, (62) (63) (64) . In contrast to deletion mutants or physiological regulation, the structure change induced by L51A or V49A mutation is strongly gain of function ( Fig. 2 and Table 1 ). This observation is compatible with other groups' previous observations. Although V49A was initially reported to be a loss-of-function mutation (41, 65) , subsequent studies have demonstrated that V49A is a gain-offunction mutation (54) . A possible mechanism for this was revealed by x-ray crystallography, which suggests that Val 49 encounters steric hindrance from SERCA residue Val 89 (55) . The present data support the hypothesis that replacing PLB Val 49 with a smaller residue can alleviate this hindrance, increasing the affinity and potency of the inhibitory interaction (19, 54, 55) . It is noteworthy that deleting Val 49 did not produce the same result; rather the affinity of the interaction was decreased, and even small deletions of the C-terminal residues resulted in loss of inhibitory function.
In summary, we conclude that C-terminal residues of PLB are important structural determinants as mutations of the C-terminal amino acids had significant effects on protein-protein interactions and PLB quaternary structures. It is noteworthy that both deletions and Ala substitutions of PLB C-terminal residues increased SERCA-PLB FRET but had opposite effects on SERCA inhibition by PLB. Future detailed structural studies of the PLB-SERCA regulatory complex may reveal how substitutions and deletions at the C-terminal end of PLB can strongly alter the disposition of the cytoplasmic domain on the other side of the membrane.
